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Abstract. We have designed a method for testing the quality
of multidecadal analyses of sea surface temperature (SST)
in regional seas by using a set of high-quality local SST
observations. In recognizing that local data may reflect lo-
cal effects, we focus on the dominant empirical orthogo-
nal functions (EOFs) of the local data and of the localized
data of the gridded SST analyses. We examine the patterns,
variability, and trends of the principal components. This
method is applied to examine three different SST analyses,
i.e., HadISST1, ERSST, and COBE SST. They have been as-
sessed using a newly constructed high-quality dataset of SST
at 26 coastal stations along the Chinese coast in 1960–2015,
which underwent careful examination with respect to quality
and a number of corrections for inhomogeneities. The three
gridded analyses perform generally well from 1960 to 2015,
in particular since 1980. However, for the pre-satellite period
prior to the 1980s, the analyses differ among each other and
show some inconsistencies with the local data, such as arti-
ficial break points, periods of bias, and differences in trends.
We conclude that gridded SST analyses need improvement in
the pre-satellite period (prior to the 1980s) by reexamining in
detail archives of local quality-controlled SST data in many
data-sparse regions of the world.
1 Introduction
Sea surface temperature (SST) is a key parameter for climate
change assessments. It is significantly associated with many
atmospheric and oceanographic modes, such as the Pacific
Decadal Oscillation (PDO), El Niño–Southern Oscillation
(ENSO), and Indian Ocean Dipole (IOD) (Saji et al., 1999;
Mantua and Hare, 2002; Yeh and Kim, 2010). Long-term his-
torical SST datasets have been extensively used as a source of
information on global and regional SST trends and variability
(Belkin, 2009; Wu et al., 2012; Boehme et al., 2014; Hirahara
et al., 2014; Stramska and Bialogrodzka, 2015). However,
historical SST datasets have large uncertainties in long-term
trend patterns in some regions. For example, observed SST
changes in the tropical Pacific are still controversial, depend-
ing on the choice of the dataset and study period (Bunge and
Clarke, 2009). Vecchi et al. (2008) indicated that the equa-
torial zonal SST gradient in the Pacific intensified according
to the Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST) but weakened according to the Extended Recon-
structed SST (ERSST) from the nineteenth to twentieth cen-
turies. Scientists have utilized several different datasets, in-
cluding reconstructed and un-interpolated datasets, to study
SST variability in tropical areas and the China seas (Xie et
al., 2010; Liu and Zhang, 2013; Tokinaga et al., 2012). They
found that there were large uncertainties in estimates of SST
warming patterns using different SST datasets. Thus, it is
also necessary to compare different SST products over re-
gional areas in detail.
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Coastal marine ecosystems yield nearly half of the earth’s
total ecosystem goods and services (Costanza, 1997). A
study of SST changes in the world ocean with large ma-
rine ecosystems revealed that the Subarctic Gyre, Euro-
pean seas, and East Asian seas warmed at rates 2–4 times
the global mean rate (Belkin, 2009). Recently, Lima and
Wethey (2012), using an SST dataset with higher spatial–
temporal resolution, determined that during the last 3
decades ∼ 71.6 % of the world coastal locations have ex-
perienced a warming trend of 0.25± 0.13 ◦C per decade
and 6.8 % a cooling of −0.11± 0.10 ◦C per decade. In-
creases in SST are especially important in coastal areas due
to its strong impact in coastal ecosystems (Honkoop et al.,
1998; Burrow et al., 2011; Wernberg et al., 2016). Simulta-
neously, coastal SST is highly influenced by local factors,
such as anthropogenic land-based processes, upwelling cur-
rents, freshwater discharge, ocean fronts, and local tidal mix-
ing. An accurate analysis of local SST and its variability is
needed for marine-ecosystem-based management. Here, we
mainly focus on three globally gridded SST datasets; that is,
HadISST1, ERSST, and COBE SST (Rayner et al., 2003;
Ishii et al., 2005; Smith et al., 2008; Hirahara et al., 2014;
Huang et al., 2015). A fourth SST product is also consid-
ered, i.e., NOAA Optimum Interpolation SST (OISST) ver-
sion 2, using Advanced Very High Resolution Radiometer
infrared satellite SST data from the Pathfinder satellite com-
bined with buoy data, ship data, and sea ice data, cover-
ing 1982 to the present. Because of its high spatial resolu-
tion of 0.25◦× 0.25◦, it is used in the concluding section to
clarify some additional aspects. All of these datasets have
been widely used in regional and global climate change stud-
ies. Given that these datasets have been developed by inde-
pendent groups, there are some differences in terms of data
sources, bias adjustment, and reconstruction method in the
SST analyses products. For example, some analyses only use
in situ observations, such as ERSST v4 and COBE SST.
Others use both in situ and satellite observations, such as
OISST and HadISST1. There are also some differences in
quality control and gap-filling choices regarding when and
where observations are sparse, particularly in early record pe-
riods and coastal areas (Huang et al., 2015; Li et al., 2017).
These differences also indicate some uncertainties in these
SST analyses. In order to test the validity of these gridded
SST datasets along the coast of China, SST records for the
period of 1960–2015 at a total of 26 Chinese coastal hy-
drological stations coast are used. All of these in situ SST
data from 1960 to 2015 are provided by the National Marine
Data and Information Service (NMDIS) of China and have
been quality-controlled and homogenized by Li et al. (2018).
These SST data from coastal hydrological stations have never
been merged into HadISST, COBE SST, or other gridded
SST analyses. Therefore, the homogenized long-term SST
observations along the Chinese coast can be used for the eval-
uation of these analyses. We study the performance of these
gridded SST datasets in coastal waters by comparing to ho-
mogenized SST.
Thus, the remainder of this paper is structured as follows:
details on the observational and gridded datasets and method-
ology used in this study are given in Sect. 2. Section 3 in-
troduces the local homogenized SST series along the Chi-
nese coast (Li et al., 2018), which is used as a reference to
compare to the gridded datasets. To add confidence in the
quality of this local SST dataset, these SST data are com-
pared with independently constructed local air temperature
data. The basic statistics of the local SST data series are also
shown. Section 4 describes the results and comparisons with
gridded SST datasets in Chinese coastal waters. A further
discussion and conclusion are given in Sect. 5.
2 Data and methodology
2.1 Data source
The SST records during 1960–2015 at 26 coastal hydrolog-
ical stations along the Chinese coast have been assembled
and homogenized. Homogenized monthly mean surface air
temperature (SAT) series from the National Meteorologi-
cal Information Center (NMIC) of China (Xu et al., 2013)
and the gridded SAT from the latest version of the Climate
Research Unit (CRU) gridded high-resolution (0.5◦× 0.5◦)
dataset CRU TS 3.24.01 for 1960–2015 (Harris et al., 2014)
are used to investigate the consistency of homogenized SST
data with the local SAT.
Four globally gridded SST datasets are used in our work
(see Table 1): (1) the 1◦× 1◦ Hadley Center Sea Ice and Sea
Surface Temperature monthly dataset (HadISST) (Rayner et
al., 2003); (2) the 1◦× 1 ◦ Centennial In Situ Observation-
Based Estimates of the Variability of SST (COBE SST) (Hi-
rahara et al., 2014); (3) 2◦× 2◦ Extended Reconstructed Sea
Surface Temperature version 4 (ERSST v4) for 1960–2015
(Smith et al., 2008; Huang et al., 2015); and (4) NOAA
OISST v2 for 1982–2015 (Reynolds et al., 2007).
2.2 Methodology
Statistical methods, such as conventional empirical orthog-
onal functions (EOFs) (Kim et al., 1996; von Storch and
Zwiers, 1999), correlation analysis, and linear trend analy-
sis, are employed. The significance of each trend has been
tested by the Mann–Kendall test using Sen’s slope estimates
to quantify trends (Sen, 1968). The tests were stipulated to
operate with a probability for a false rejection of the null hy-
potheses (i.e., zero trend) of 5 %. They are conducted with
the implicit assumption that the data are serially independent.
There are only weakly correlated but not really independent.
Thus, the tests are “liberal”; i.e., they have tendencies for
falsely rejecting the null hypothesis too often when it is actu-
ally valid (von Storch and Zwiers, 1999). However, since the
effect is relatively weak, given the small serial correlations,
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Table 1. Global gridded SST datasets used in this study.
Dataset Resolution Period Source
ERSST v4 2◦× 2◦ 1960–2015 http://www.ncdc.noaa.gov/oa/climate/research/sst/ERSST.v4.php (last access: 7 July 2018)
HadISST 1◦× 1◦ 1960–2015 http://www.metoffice.gov.uk/hadobs/hadisst/data/download.html (last access: 7 July 2018)
COBE SST 1◦× 1◦ 1960–2015 http://ds.data.jma.go.jp/tcc/tcc/products/elnino/cobesst/cobe-sst.html (last access: 7 July 2018)
OISST 14
◦× 14 ◦ 1982–2015 http://www.ncdc.noaa.gov/oisst (last access: 7 July 2018)
and since we have no results, which are close to the stipu-
lated critical levels, we proceed as if the serial dependence
is not of importance. However, this caveat should be kept in
mind when assessing the results.
3 Local homogenized SST records along the Chinese
coast
Currently, more than 100 coastal hydrological stations are
operating and monitoring nearshore hydrological conditions.
Among these stations, only 26 stations have routinely and
continuously recorded since 1960, with a percentage of miss-
ing data less than 4 %. Also, these stations have undergone
only a few (five or fewer) documented relocations. The lo-
cations of the 26 coastal hydrological stations are shown in
Fig.1a. Due to the fact that this area between 29◦ N (Sta-
tion 11) and 35◦ N (Station 10) is a vast muddy coast not
suitable for hydrological stations, there are only 10 hydro-
logical stations. Among them, some stations were built after
the 2000s and some have a high percentage of missing data.
That is why no station has been chosen between 29◦ N (Sta-
tion 11) and 35◦ N (Station 10). Monthly mean SST series
were then derived and subjected to a statistical homogeneity
test, called the penalized maximum t (PMT) test (more de-
tails can be found in Li et al., 2018). Homogenized monthly
mean SST series were obtained by adjusting all significant
change points that were supported by historic metadata infor-
mation. These identified change points at each station are dis-
played in Fig. 1b. The majority of change points are caused
by instrument changes and station relocations, accounting for
60.6 % and 24.6 % of the total, respectively. In our work, we
consider annual mean values. Some analyses with seasonal
mean values are also calculated, but these are not covered by
our present account and merely summarized. The supporting
evidence is provided in the Supplement.
The standard statistics derived from the data in the period
of 1960–2015, including the long-term mean, the standard
deviation of annual means, and the decadal trends, are listed
in Table 2. SSTs vary along the Chinese coast between about
11.5 ◦C at the north and 25 ◦C at the southernmost locations.
The standard deviations are of the order of 0.50 ◦C at all
locations, with a maximum of 0.71 ◦C and a minimum of
0.43 ◦C. The decadal trends vary between 0.13 and 0.29 ◦C
per decade. Table 2 also provides the long-term means of
the homogenized data and the raw (unhomogenized) data.
Figure 1. Study area and locations of the 26 coastal sites (a) for
which continuous monthly SST recordings are available and cor-
rected by eliminating inhomogeneities. The number of identified
break points in individual SST stations from 1960 to 2015 (b). Re-
sult from Li et al. (2018). Black circles represent the 26 coastal sites
and blue arrows represent coastal upwelling.
The differences between the homogenized data and the raw
data (last column) vary between −2.26 and 0.53 K. At 22 of
the 26 stations, a downward correction of the mean has been
found necessary – only at Station 15 (Pingtan) and Station
23 (Weizhou) was an upward change stipulated, and in two
cases there was nearly no change in the mean (at Station 7 –
Shidao – and Station 24 – Naozhou).
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Table 2. Statistics of the time series of the annual homogenized local SST, plus the differences from the raw data, which were used to
construct the homogenized series (columns 6 and 7).
Station Full Mean Standard Trend Mean Diff
no. name homogenized deviation (◦C 10 yr−1) unhomogenized
SST SST
1 Zhimaowan 11.50 0.53 0.17 11.75 −0.25
2 Qinhuangdao 12.21 0.59 0.26 12.32 −0.11
3 Xiaochangshan 11.54 0.71 0.29 11.73 −0.19
4 Laohutan 11.36 0.59 0.21 11.47 −0.11
5 Longkou 13.36 0.59 0.22 13.51 −0.15
6 Yantai 12.65 0.59 0.17 12.79 −0.14
7 Shidao 12.09 0.59 0.14 12.08 0.01
8 Qianliyan 14.37 0.65 0.17 14.41 −0.04
9 Xiaomaidao 13.76 0.63 0.22 13.84 −0.08
10 Lianyungang 14.85 0.57 0.21 14.94 −0.08
11 Shipu 17.41 0.65 0.26 18.01 −0.61
12 Dachen 17.67 0.65 0.24 17.91 −0.24
13 Kanmen 18.20 0.56 0.17 18.42 −0.22
14 Sansha 19.21 0.71 0.21 19.91 −0.19
15 Pingtan 19.72 0.61 0.19 19.45 0.53
16 Congwu 19.98 0.52 0.17 22.18 −0.64
17 Xiamen 21.50 0.51 0.19 21.47 −2.26
18 Dongshan 20.84 0.45 0.13 21.12 −0.28
19 Yunwo 21.02 0.44 0.13 21.36 −0.34
20 Zhelang 22.43 0.44 0.15 22.62 −0.19
21 Zhapo 23.62 0.50 0.18 23.68 −0.06
22 Beihai 23.60 0.55 0.18 24.06 −0.46
23 Weizhou 25.79 0.43 0.17 25.66 0.13
24 Naozhou 24.46 0.49 0.16 24.44 0.02
25 Haikou 25.00 0.49 0.16 25.10 −0.10
26 Qinglan 25.80 0.44 0.18 25.86 −0.07
The quality of the dataset has already been documented
by Li et al. (2018). To add confidence in the quality of this
dataset, we compared the new dataset to an independent
dataset of local SAT at 26 nearby local stations. Also, this
dataset has been homogenized independently of the process-
ing of the SST series. SST and SAT data are not compared
directly pairwise but in terms of the patterns and coefficient
time series (principal components, or PCs) of their EOFs.
The similarity of the principal components is striking. The
first PCs share a correlation coefficient of 0.97 and the sec-
ond 0.86 (Fig. A1 in the Appendix). Thus, the SST series are
fully consistent with these SAT series. When this exercise
is repeated with CRU TS 3.24.01 instead of the in situ SAT
series, we find a similar consistency (see Fig. S1 in the Sup-
plement). The PCs of SAT from CRU also show high correla-
tions of 0.94 and 0.83 with the in situ SST (see Fig. S1) (more
details are shown in Appendix A and B). Thus, we conclude
that our homogenized SST data are superior to earlier data
on SST variability and trends along the Chinese coast.
4 Comparison with gridded SST datasets in Chinese
coastal waters
Given the consistency of the newly homogenized SST series
with independent regional SAT data, we use it as a bench-
mark for assessing the regional quality of the four globally
gridded SST datasets in Table 1. In the following, we name
the new dataset the “local homogenized SST” with the abbre-
viation “LH”, while the data extracted from the gridded SST
datasets are referred to as the “localized analysis data” with
the abbreviation “LA”. For instance, LA-HadISST is the SST
found in HadISST in the local grid box, which contains the
locations in the LH dataset.
These localized time series (LA) of the three gridded
datasets, which extend to the full time window 1960–2015
(ERSST, HadISST, COBE SST; referred to as LA-ERSST,
LA-HadISST, and LA-COBE SST), are then compared to
the local series (LH) by first comparing the standard devi-
ations and the trends. Calculating from the trends, we then
determine differences (Diff) and the root mean square errors
(RMSEs) for the 26 stations (Table 3). We do this for an-
nual mean values. The fourth dataset, OISST data, covers a
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shorter time window from 1982–2015 and has a high spatial
resolution. It is used in the concluding section (Sect. 5) to
clarify some additional aspects.
For summarizing the results, we compute EOFs of the LH
and the LAs, as well as the differences of LH and LAs. The
LH data are derived from observational stations, whereas the
LA data represent area values averaged across a grid box.
Therefore, the LA data should vary less than the LH data.
Possible mismatches between the local LH data and the spa-
tial averages of grid box data in the LAs may be related to
small-scale effects; however, the usage of EOFs is expected
to reduce these truly local specifics, as the first EOFs describe
joint covariations among the 26 elements in both the LA and
LH datasets.
4.1 Comparing with HadISST
The 56-year mean values of local SST in the analysis LA-
HadISST are in all cases higher than at the local stations (Ta-
ble 3). Some differences are of the order of 2 K and even 3 K,
in particular along the East China Sea extending from Sta-
tion 11 (Shipu) to Station 20 (Zhelang). To some extent, this
difference may reflect differences between the averages of
a larger coastal ocean area and in situ observations, but not
entirely.
The variations in LA are similar to LH, but there are some
differences: as expected, 65.4 % of the standard deviations
(17) are larger for LH, and in 34.6 % of the cases (9) they are
smaller. The correlations are all large enough to reject the
null hypothesis of the absence of a link (if we assume seri-
ally independence; the 90 % critical value is 0.22) except for
the northernmost Station 19 (Yunwo). Part of the difference
from the ideal value of 1 may be due to the different spa-
tial scale, but values as low as 0.41 indicate more systematic
differences. The trends are positive for all sites (Table 3) –
only the northernmost Station 1 (Zhimaowan) signals a weak
downward trend in the LA-HadISST dataset. In about 50 %
of the cases, the coastal sea warms faster according to LH
than to LA-HadISST, and for 50 % it is the opposite. For the
two northernmost sites, Station 1 (Zhimaowan) and Station 2
(Qinhuangdao), the warming according to LA is very weak,
whereas along the stretch from Station 15 (Pingtan) to Sta-
tion 19 (Yunwo) the warming according to LA-HadISST is
considerably stronger than in LH.
The time series for the two northern sites in the Bohai Sea
are shown in Fig. 2. The sequences of maxima and minima
share some similarity, but the trends differ markedly. The LH
curves (red lines) both exhibit a steady increase, whereas the
LA-HadISST curves (black lines) tend to decline in the first
10–20 years and to vary at a mostly constant level (Fig. 2a
and b). In this case, the “story told” by LH is considerably
different than that of LA-HadISST.
The time series of the SST averaged across the stations
from Station 15 (Pingtan) to Station 19 (Yunwo) along
the East China Sea coast, where LA-HadISST indicated a
stronger warming than in the LH, is shown in Fig. 2c. The
local data indicate markedly lower temperatures, which may
be mainly because of coastal upwelling (the effect of up-
welling will be discussed in Sect. 5), but also other local
effects, including local tidal mixing, ocean fronts, seawater
vertical mixing, and freshwater discharge, show a weaker
trend (0.18 ◦C per decade) than in LA-HadISST (0.35 ◦C per
decade).
The first two EOFs of the LH and the LA dataset have sim-
ilar patterns, namely a uniform sign along the entire coast in
EOF1, with similar intensities and a north–south dipole (Bo-
hai Sea and Yellow Sea vs. East and South China Sea) in
EOF2, as well as a sign change at Station 11 (Shipu) (Fig. 3a
and b). The two patterns of LH explain less variance, namely
82.9 % of the total variance, than the LA-HadISST EOFs,
which explains 92.9 %. This may be related to the larger
spatial variability in local data compared to gridded data.
In EOF1, again Station 1 (Zhimaowan) and Station 2 (Qin-
huangdao) in the Bohai Sea contribute less in LA-HadISST,
whereas Station 15 (Pingtan) to Station 19 (Yunwo) con-
tribute more to the overall warming in LA-HadISST than in
LH.
The time coefficients (PCs) are broadly similar, even if the
correlations are not very strong: only 0.84 and 0.42 (Fig. 3c
and d). A general warming is associated with EOF1 and
mostly stationary interannual variability with EOF2. Again,
the sequence of maxima and minima is qualitatively simi-
lar, but PC2 of LA-HadISST exhibits a break point at about
1980 – interestingly the time when satellites became rou-
tinely available for global analyses. These data improve SST
sampling, especially in the Southern Ocean and coastal areas
(Smith et al., 2008; Lima and Wethey, 2012). Before 1980,
PC2 of LH and LA-HadISST differed by about 0.2 (Fig. 3d;
this corresponds to a mean difference of 0.04 K at the south-
ern stations from Station 11 to Station 26 during that time
and a mean difference 0.04 K at the northern stations from
Station 1 to Station 10; Fig. 3b).
To further study the differences in trends, EOFs were cal-
culated from the difference time series, that is, LH anomalies
minus LA-HadISST anomalies at the 26 sites (Fig. 4). The
first two EOFs account for 31.2 % and 27.6 % of the vari-
ance. These numbers are not very different, and their close-
ness may be indicative that the EOFs are inaccurate (von
Storch and Zwiers 1999). These EOFs describe covariations
of the differences along long stretches of the coast; in the
case of EOF1, this is true for all stations to southern Station
11 (Shipu), i.e., in the East and South China Sea (Fig. 4a). In
EOF2 it is true for all stations south of Station 13 (Kanmen),
mostly in the Yellow Sea and Bohai Sea (Fig. 4b). PC1 seems
to describe a change point at about 1980, whereas PC2 de-
scribes a slight upward trend: the differences tend to be larger
in earlier years and are almost zero at the end of the consid-
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Figure 2. The annual mean SST series of LA-HadISST (black line) and LH (red line) from Station 1 (Zhimaowan) (a) and Station 2
(Qinhuangdao) (b). The average annual mean SST series of LA-HadISST (black line) and LH (red line) from Station 15 (Pingtan) to Station
19 (Yunwo) (c).
Figure 3. Comparison of the EOF1 and EOF2 derived from the LH dataset of local SST at 26 sites (blue bars; red lines) and derived from the
localized analysis data LA-HadISST (yellow bars; black lines). (a, b) EOF spatial patterns, (c, d) principal components (time coefficients).
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Table 3. Statistics of the time series of the localized SST analysis (LA-HadISST) data series at the 26 stations, as well as the differences
(Diff) between statistics of the LH series given in Table 1. The correlation coefficients between LH and LA-HadISST are also calculated (the
90 % confidence level is 0.22, without considering serial correlation). Bold numbers indicate that the correlation coefficients do not conflict
with the null hypothesis of no correlation.
Station Mean Diff Std deviation Diff Trend Diff Corr
no. LA-HadISST LA-HadISST (◦C 10 yr−1)
1 12.80 −1.32 0.43 −0.06 −0.02 0.25 0.20
2 12.93 −0.72 0.37 0.21 0.02 0.24 0.31
3 13.45 −1.76 0.46 0.38 0.13 0.16 0.73
4 13.86 −2.30 0.51 0.07 0.15 0.07 0.67
5 13.71 −0.24 0.54 0.28 0.11 0.11 0.66
6 13.92 −1.12 0.57 0.01 0.14 0.03 0.69
7 14.87 −2.58 0.58 0.01 0.19 −0.05 0.70
8 14.51 0.01 0.54 0.10 0.14 0.03 0.77
9 14.51 −0.60 0.54 0.08 0.14 0.08 0.66
10 16.05 −1.07 0.47 0.10 0.21 0.00 0.71
11 19.70 −2.00 0.57 0.08 0.12 0.14 0.63
12 20.66 −2.65 0.59 0.05 0.27 −0.03 0.67
13 20.66 −2.12 0.59 −0.03 0.27 −0.10 0.64
14 22.47 −2.30 0.70 0.01 0.35 −0.14 0.73
15 23.43 −3.00 0.75 −0.14 0.34 −0.15 0.65
16 23.43 −1.45 0.77 −0.25 0.40 −0.23 0.75
17 22.03 −2.41 0.77 −0.26 0.40 −0.21 0.78
18 24.46 −3.26 0.59 −0.14 0.30 −0.17 0.59
19 24.46 −3.08 0.59 −0.15 0.30 −0.17 0.66
20 25.44 −2.82 0.46 −0.02 0.20 −0.05 0.83
21 25.66 −1.78 0.51 −0.01 0.07 0.11 0.56
22 25.11 −1.47 0.31 0.24 0.07 0.11 0.53
23 25.11 0.71 0.31 0.13 0.07 0.10 0.41
24 25.65 −1.02 0.40 0.09 0.19 −0.03 0.55
25 25.65 −0.47 0.40 0.09 0.19 −0.03 0.57
26 25.93 0.09 0.43 0.00 0.22 −0.04 0.64
ered time interval. That is, in recent years, there have been
few differences between LA-HadISST and LH, which is not
surprising given better observational and reporting practices.
That in early years inhomogeneities impacted the quality
of SST analyses is also not surprising, but it is valuable to
learn when these inhomogeneities took place and which time
periods in the analyses should be taken with some reserva-
tion. Of course, this assertion depends on the assumption
that the homogenization of the local data removed all change
points and other inhomogeneities.
4.2 Comparing with COBE SST
In this subsection, we consider localized SST derived from
the LA-COBE SST dataset during 1960–2015. Again, LA-
COBE SST is at almost all sites higher than the local data,
namely at 21 out of 26 sites. The differences are up to 3 K
and again mostly along the East China Sea coast from Station
11 (Shipu) to Station 20 (Zhelang) (see Table S1 in the Sup-
plement). The local correlations are relatively high, namely
between 0.55 and 0.85.
The EOFs derived from LA-COBE SST, with the same
grid resolution of 1◦ and the same time window of 1960–
2015 as LA-HadISST, exhibit broadly the same pattern in
space and time as the EOFs of the LH data. Also, the ex-
plained variances are close (Fig. S2). The northern stations
contribute more to the overall warming represented by EOF1,
whereas the stations along the South and East China Sea
contribute less. Again, the two northernmost stations, Sta-
tion 1 (Zhimaowan) and Station 2 (Qinhuangdao), exhibit
some systematic differences both in EOF1 and EOF2. The
PCs have correlations of 0.80 for EOF1 and 0.50 for EOF2.
COBE SST does not capture the recovery of the dip in warm-
ing since about 2000, as LH and HadISST did, while EOF2
reveals some warming in the final years. During the 1960s
some differences prevail.
Figure 5 shows the EOFs of the difference time series be-
tween LH anomalies and LA-COBE SST anomalies. The
first EOF dominates, with 49.8 %, whereas the second one
represents a share of 17.5 %. The first EOF points to sev-
eral inhomogeneities, with two prolonged intervals during
which LH is higher than LA-COBE SST (i.e., 1960–1978
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Figure 4. The first two EOFs of the difference time series LH–LA-HadISST. (a, b) EOF spatial patterns, (c, d) principal components (time
coefficients).
and 1995–2005), and a strong drop-down to negative PC val-
ues after about the year 2005. PC2, on the other hand, ap-
pears as mostly stationary, except for a suspiciously negative
episode in the early 1960s.
4.3 Comparing with ERSST
ERSST presents SST on a coarser grid compared to the two
cases before. Again, the temperatures given by ERSST, as
was the case with the other two analyses, are higher than the
temperatures recorded at the local sites along the coast (see
Table S2). The differences are up to 4 K, and the largest dif-
ferences are found in the East China Sea from Station 11
(Shipu) to Station 20 (Zhelang). That the differences are in
this case even larger than in the other LA cases may be re-
lated to the 2◦ coarse resolution of ERSST.
The variability according to ERSST is quite similar to that
of LH, at least in terms of EOFs (see Fig. S3). The correla-
tion of the PC1 is 0.83 and of PC2 0.60. LA-HadISST is 0.84
and 0.42, and LA-COBE SST is 0.80 and 0.50. The local cor-
relations vary between 0.37 and 0.82. Again, EOF1 indicates
an overall warming and EOF2 indicates interannual variabil-
ity, with hardly a trend. The relative contributions of the two
EOFs compare well to the LH EOFs. In detail, the north-
ernmost stations appear stronger in the EOF1 of LA-ERSST
than in that of LH, whereas the northern sites are underrep-
resented and the southern overrepresented in EOF2.
The EOFs of the differences between LH anomalies and
LA-ERSST anomalies are shown in Fig. 6. They differ
strongly from those found for LA-COBE SST and LA-
HadISST. The first EOF differences resemble the first EOFs
of LH and LA-ERSST (not shown; see Fig. S3) – the long-
term trend in LA-ERSST is smaller than in the local data –
everywhere. The second EOF is again a dipole pattern, with
the Bohai Sea and the Yellow Sea on the one side and the East
China Sea and South China Sea on the other. The time series
of PC2 fluctuates around zero without a prominent long-term
trend.
5 Discussion and conclusion
We have mainly examined three global gridded analysis SST
datasets in Chinese coastal waters. For doing so, we have
compared a number of statistical properties for 26 coastal
hydrological locations as given by the analyses and by a
newly digitized and homogenized dataset (Li et al., 2018).
For demonstrating the utility of the local dataset, we have
compared the local SST series (named LH) with indepen-
dent local homogenized SAT data from nearby meteorologi-
cal stations. The variations of the two series are fully consis-
tent. Another argument points to the quality of the LA dataset
in that the differences between LH and the three LAs (lo-
calized data from the different global analyses: HadISST1,
COBE SST, ERSST) considered are not uniform (except for
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Figure 5. EOF analysis of the differences for LH–LA-COBE: (a, b) EOF spatial patterns (EOFs), (c, d) principal components (time coeffi-
cients).
Figure 6. EOF analysis of the differences for LH–LA-ERSST: (a, b) EOF spatial patterns (EOFs), (c, d) principal components (time coeffi-
cients).
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Figure 7. Simulated SSTs at different distances from each coastal
hydrological station in the South China Sea.
the time mean); instead, the LAs deviate in different ways
from LH. If this were not the case, one could be tempted to
argue that the differences are manifestations of inefficiencies
in the LH dataset. This is not the case.
In this study, we found that all of these globally gridded
datasets exhibit surface temperatures usually higher than the
LH data, especially in the East China Sea. This difference
may be caused by two factors. In the China seas, most of the
coastal upwelling currents occur at the East China Sea and
the northern South China Sea, with other small upwelling
currents at the tops of the Liaodong Peninsula and Shandong
Peninsula (Fig. 1) (Yan, 1991). The consensus of previous
studies is that coastal upwelling currents result in cooling
SST at these coastal areas (Xie et al., 2003; Guan et al., 2009;
Su et al., 2012). In our study, we find that in situ shoreline
SSTs at the upwelling areas (e.g., Station 4 – Laohutan, Sta-
tion 11 – Shidao, and Station 18 – Dongshan) are always
colder than global gridded SST data, with values below−1 K
(Tables 2, 3, and S1).
We hypothesize that these negative differences are con-
nected by coastal upwelling currents. To test this hypothe-
sis, we examine the output of a numerical simulation of the
currents in the South China Sea with a grid resolution of
0.04◦. The model is embedded in an almost global model
with 1◦ grid resolution (Tang et al., 2018). The model used
here is the Hybrid Coordinate Ocean Model (HYCOM) that
is exposed to periodic climatological atmospheric forcing,
with a fixed annual cycle but no weather disturbances. The
atmospheric forcing comes from the International Compre-
hensive Ocean–Atmosphere Data Set (ICOADS). We extract
simulated SSTs at three different distances (i.e., near the sta-
tion, 50 km, and 100 km from each coastal hydrological sta-
tion in South China Sea). Figure 7 shows that most shoreline
SSTs are lower than ambient offshore SSTs, especially SSTs
at 100 km from the shoreline. However, Station 22 (Beihai)
and Station 23 (Weizhou) are not affected by coastal up-
welling, and, consistently, there are no notable differences
among SSTs at three different distances from the two sta-
Figure 8. The mean SST differences at the 26 locations between LH
and LA-OISST (1982–2015; red line), LH and LA-ERSST (1960–
2015; blue line), LH and LA-COBE SST (1960–2015; green line),
and LH and LA-HadISST (1960–2015; black line).
tions. The result reflects the fact that the homogenized SST
dataset for shoreline stations catches this relative cooling wa-
ter effect of the regional upwelling currents. On the other
hand, the global gridded SST datasets point to higher tem-
peratures, which may be caused by their coarse resolution.
The differences are largest in the case of the coarsest anal-
ysis (ERSST) but weakest in the OISST v2 analysis with a
resolution of 0.25◦ (Fig. 8; see below; note that the difference
of LH minus LA-OISST is restricted to the warmer episode
during 1982–2015). Meanwhile, the lack of nearshore obser-
vations when compiling nearshore box averages in coastal
areas may also cause these differences (Wang et al., 2018).
There also some other local mechanisms with a smaller scale
that can cause cooling water in the China seas, such as the
China coastal current (CCC) (Belkin and Lee, 2014) and
ocean fronts (Zhao, 1987; Hickox et al., 2000), related to
which a shallow water shelf front and estuarine plume front
are two major fronts in the Bohai Sea and the Yellow Sea in
summer. A coastal current front, an upwelling front, and a
strong westerly boundary current usually appear in the East
China Sea and the South China Sea, which may also be re-
lated to coastal upwelling currents.
In summary, our main results are as follows.
– The mean SST in LH at many sites is considerably
lower than that in the LA datasets. We suggest that
this is related to local oceanic effects, such as coastal
upwelling. The LA datasets cannot catch this cooling
effect of the regional upwelling currents well. On the
other hand, the global gridded SST datasets point to
higher temperatures, which may be caused by their
coarse resolution when averaging in the LA datasets.
However, systematic differences would not be expected
to strongly influence the overall variability and trends.
– The first EOF in all datasets indicates a general warm-
ing, and the second indicates interannual variability.
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This is true not only in the local LH data but also in
all globally gridded LA datasets.
– In the years following the introduction of satellites in
monitoring SST, since about 1980, the different global
analyses converge, and the differences from the local
dataset become smaller. In support of this, the compari-
son with the high-resolution analysis OISST v2 for the
post-satellite period 1982–2015 reveals few differences
(not shown; see Fig. S4).
– In the years before 1980, some noteworthy differences
are found. The differences between the LH data anoma-
lies and the LA data anomalies are nonuniform across
the different LA datasets. For instance, for ERSST the
long-term trends differ; in the case of COBE SST sev-
eral jumps emerge, and in the case of HadISST, a jump
is found at the time of the advent of routine satellite
data, along with a trend in the PC2 of the differences.
Thus, our overall conclusion is that the global gridded SST
datasets correctly describe the main features of variabili-
ties and trends in regional waters, but significant improve-
ments in the regional analyses may be gained when quality-
controlled homogenized data are incorporated. In particular,
for the time prior to the usage of remote sensing by satellites
and in regions where observational efforts have been limited,
such efforts are valuable contributions to climate variability
and change studies. Our example should also be an encour-
agement for national climate services to revisit regional data
and to invest in the elimination of inconsistencies caused by
inhomogeneities. There are projects and research dedicated
to the quality control and homogenization of in situ data
(Kuglitsch et al., 2012; Hausfather et al., 2016; Minola et
al., 2016). It is useful to keep some high-quality data sepa-
rate from those available for analyses for validation activities
such as our work and the work of others (Hausfather et al.,
2017).
When this exercise is repeated with CRU TS 3.24.01 in-
stead of the in situ SAT series, we find similar consistency
(see Fig. S1). The PCs of SAT from CRU also show high cor-
relations of 0.94 and 0.83 with the in situ SST (see Fig. S1).
We conclude that the two datasets are consistent; the first
EOFs describe the warming of recent decades, and the sec-
ond EOFs describe interannual variability and may be in-
fluenced by ENSO and other patterns of natural variability.
We furthermore conclude that the new description of SST
variability and trends at the 26 sites along the Chinese coast
presents a reliable account of the past since 1960 and may
thus serve as a benchmark for assessing global analyses of
SST datasets.
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